Recent theoretical models based on cellular processes in parahippocampal structures show that persistent neuronal spiking in the absence of stimulus input is important for encoding. The goal of this study was to examine in humans how sustained activity in the parahippocampal gyrus may underlie long-term encoding as well as active maintenance of novel information. The relationship between long-term encoding and active maintenance of novel information during brief memory delays was studied using functional magnetic resonance imaging (fMRI) in humans performing a delayed matching-to-sample (DMS) task and a post-scan subsequent recognition memory task of items encountered during DMS task performance. Multiple regression analyses revealed fMRI activity in parahippocampal structures associated with the active maintenance of trial-unique visual information during a brief memory delay. In addition to a role in active maintenance, we found that the subsequent memory for the sample stimuli as measured by the post-scan subsequent recognition memory task correlated with activity in the parahippocampal gyrus during the delay period. The results provide direct evidence that encoding mechanisms are engaged during brief memory delays when novel information is actively maintained. The relationship between active maintenance during the delay period and long-term subsequent memory is consistent with current theoretical models and experimental data that suggest that long-term encoding is enhanced by sustained parahippocampal activity.
Introduction
A number of imaging studies have demonstrated that, in humans, the medial temporal lobes (MTLs), including the parahippocampal gyri (PHG) and the hippocampus, are involved in long-term encoding of new information (Stern et al., 1996; Gabrieli et al., 1997; Brewer et al., 1998; Fernàndez et al., 1998 Fernàndez et al., , 1999 Kelley et al., 1998; Wagner et al., 1998; Kirchhoff et al., 2000; Otten et al., 2001) . Activity in these areas has been shown to be greater during encoding of subsequently remembered than forgotten stimuli (Brewer et al., 1998; Fernàndez et al., 1998; Wagner et al., 1998; Kirchhoff et al., 2000) .
Computational frameworks suggest that encoding may depend on activity being sustained in the absence of sensory input. For an item to be successfully encoded, activity at the time of stimulus presentation persists once the item is removed. A number of theoretical models of long-term memory (LTM) emphasize the importance of short-term persistence of representations for encoding (Atkinson and Shiffrin, 1968; Jensen and Lisman, 1996; Hasselmo et al., 2002b; Howard and Kahana, 2002) . Recent models have used persistent spiking in parahippocampal structures to hold input to allow encoding of associations between behavioral stimuli separated in time by long delays (Jensen and Lisman, 1996; Hasselmo et al., 2002a,b; Koene et al., 2003) . These models are based on evidence that single neurons in parahippocampal structures have intrinsic currents activated by muscarinic cholinergic receptors that allow them to maintain sustained spiking activity that does not depend on previous modification of synaptic connections (Klink and Alonso, 1997; Fransén et al., 2002) . This sustained activity allows the models to use spiketiming-dependent synaptic plasticity with short time delays (Levy and Steward, 1983; Markram et al., 1997; Bi and Poo, 1998) to associate stimuli separated across time.
The persistent activity associated with a stimulus can be analyzed in delayed match-to-sample tasks, in which a subject encounters a sample stimulus that is followed by a delay period before presentation of a test stimulus. The subject is required to make a response that indicates that the subject recognized this test item as either matching [delayed match-to-sample (DMS)]
or not matching [delayed-nonmatch-to-sample (DNMS) ] the preceding sample. Sustained neural activity has been observed in cortical structures, including entorhinal cortex (ERC), during the delay period when there is no perceptual stimulation (Suzuki et al., 1997; Young et al., 1997) . This delay activity could contribute to long-term encoding, particularly if it appears for novel stimuli. Recently, neuroimaging studies have reported significant MTL activity during performance of delayed matching tasks with trialunique stimuli but not with familiar stimuli (Ranganath and D'Esposito, 2001; Stern et al., 2001) . We set out to test in humans a hypothesis based on the computational models, namely that sustained activity in the MTL, and in particular within the parahippocampal gyrus, would enhance the successful encoding of novel information into LTM in subjects performing a DMS task. We addressed this question by combining measurement of activity during the delay period of a DMS task during functional magnetic resonance imaging (fMRI) with a post-scan subsequent recognition memory task.
Materials and Methods

Participants
Sixteen healthy individuals (six male; mean age, 23 Ϯ 5 years) were recruited from the student community at Boston University. No subjects reported any neurological or psychiatric history. All subjects were screened for MRI compatibility. Vision was normal or corrected-tonormal. All subjects gave signed informed consent before participating in this study in accordance with the Human Research Committee of the Massachusetts General Hospital and the Institutional Review Board of Boston University.
Procedure
We used trial-unique complex visual scenes [stimuli depicting indoor scenes, n ϭ 191; stimuli depicting outdoor scenes, n ϭ 172 (Stern et al., 1996 (Stern et al., , 2001 Kirchhoff et al., 2000; Sherman et al., 2003) ] as stimuli. Sample and test stimuli were shown for 2 sec each, with a memory delay of 10 sec between sample and test presentation (Fig. 1 A) . Subjects also performed a visuomotor control task (CON) that did not require any memory retention during the delay period and that differed from the DMS task only in instruction (Fig. 1 A) . The CON task simply required the subjects to judge whether the test picture was indoors or outdoors. Approximately 20 min after fMRI scanning, subjects performed a surprise subsequent recognition memory test (SMT) in which they were asked to rate on a five-point scale (Sherman et al., 2003) their confidence level that studied pictures and unstudied lures were old or new. DMS and CON tasks. We used a DMS task with trial-unique complex visual scenes as stimuli (digitized photographs; 10.23 ϫ 6.81cm) to assess active maintenance and encoding during short memory delays. Additionally, we used a CON task that differed from the DMS task only in instruction. Stimuli for this task were randomly selected from the same stimulus pool as those used in the DMS task. In both tasks, each trial consisted of a 2 sec visual scene presentation (sample), followed by a 10 sec delay period, followed by a 2 sec visual scene presentation (test), followed by a variable-length intertrial interval (ITI) (6, 10, or 14 sec) (Fig. 1 A) . The delay period was similar in length to previous fMRI working memory studies using delayed matching procedures (Courtney et al., 1998; Postle and D'Esposito, 1999a) . The variable ITI introduces temporal "jitter" for selective averaging and provides time for the hemodynamic response to return to baseline (Postle et al., 2000) . The length of the task delays was kept fixed because different memory-delay lengths have been shown previously to result in qualitatively different activation patterns (Elliott and Dolan, 1999) . During the delay, subjects viewed a mask composed of a gray box of the same dimensions as the visual scenes and a black fixation cross in the center. A cue was presented during sample, delay period, and test presentation to instruct the subject. The cue "MATCH" instructed the subject to remember the sample picture during the delay period. During the test, the cue changed to "MATCH?", prompting the subject to make a yes-no response on whether or not the test picture matched the sample using a button box (DMS task). Half of the trials were matches ("yes" responses), and half were nonmatches ("no" responses). The order of match and nonmatch trials was counterbalanced. The cue "INDOOR" prompted the subject to simply wait until the test picture appeared. During the test, the cue changed to "IN-DOOR?", prompting the subject to indicate whether or not the picture was indoors (CON task). Half of the test pictures depicted indoor scenes ("yes" responses), and half depicted outdoor scenes ("no" responses). No reference back to the sample picture was necessary to perform this task accurately. The CON task sample picture did not predict whether the test picture was indoors or outdoors. The order of indoor and outdoor trials was counterbalanced. In these tasks, memory was maximized during the delay period of the DMS task and minimized during the delay period of the CON task, while keeping visuomotor requirements constant. During scanning, subjects performed eight functional runs, consisting of six DMS and six CON trials each. The order of DMS trials and CON trials, and trials requiring "yes" and "no" responses, was counterbalanced within runs. Approximately 50% of the pictures seen during DMS and CON task performance depicted indoor scenes. We designed 12 parallel versions of a set of eight runs, each of which included all counterbalancing and randomization requirements to ensure that no more than two subjects would perform the exact same set of tasks. Before scanning, subjects viewed task instructions on a computer and practiced the tasks.
Subjects were instructed to respond as quickly and as accurately as possible. Stimuli were presented, and reaction times (RTs) and errors were recorded with PsyScope 1.2.5. (Cohen et al., 1993) .
Post-scan SMT. Approximately 20 min after fMRI scanning, subjects performed a surprise self-paced SMT. Subjects viewed all stimuli pre- Figure 1 . Tasks and statistical analyses of fMRI data. A, DMS and CON. In both tasks, a trial consisted of three time-locked events: a 2 sec visual scene presentation (sample), followed by a 10 sec delay period, followed by a 2 sec visual scene presentation (test), followed by a variablelength intertrial interval. Tasks differed only in instruction. B, Contrasts for active maintenance analysis. C, Contrasts for subsequent memory analysis. Regressors were created by convolving the six orthogonal contrasts of interest (depicted on the left) with a gamma-variate function (HRF; depicted on the right) (Boynton et al., 1996) . Vertical bars represent positioning of the HRF. S, Sample; D, delay; T, test. For details, see Materials and Methods.
sented as samples and tests during both DMS and CON trials (n ϭ 118) and an equal number of new pictures in random order. They were instructed to rate on a five-point scale their confidence about whether or not a displayed scene was previously presented during the DMS and CON tasks. The rating scale included "high-confidence new" (1), "lowconfidence new" (2), "unsure" (3), "low-confidence old" (4), and "highconfidence old" (5).
fMRI data acquisition
Data were acquired on a 3.0 Tesla Allegra Siemens (Erlangen, Germany) scanner at the Martinos Center at the Massachusetts General Hospital. Two high-resolution T1-weighted structural images were acquired for each subject (MP-RAGE; field of view, 256 ϫ 256; 128 slices). We ran eight functional T2*-weighted gradient-echo, echo-planar blood oxygenation level-dependent (BOLD) scans [repetition time (TR), 2 sec; echo time, 30 msec; flip angle, 90°; field of view, 64 ϫ 64; 21 slices] and acquired 149 images during each scan per slice (3.1 ϫ 3.1 mm; 5 mm slice thickness; 1 mm skip between slices). Slices were aligned parallel to the anterior commissure-posterior commissure line to acquire data from the whole brain.
fMRI data preprocessing
Using SPM2 (Wellcome Department of Cognitive Neurology, London, UK), functional images were corrected for differences in slice timing, realigned to the first image within a series, unwarped to correct for susceptibility-by-movement interactions, normalized into MNI (Montreal Neurological Institute) space, which included SPM standard resampling to 2 ϫ 2 ϫ 2 mm isotrophic voxels, and spatially smoothed using a 6 mm Gaussian filter.
fMRI statistical analysis
Active maintenance analysis. Active maintenance during memory delays was assessed using single-subject multiple regression analysis with orthogonal regressors. This methodological approach has been described previously (Zarahn et al., 1997; Postle et al., 2000) and used (Courtney et al., 1997 (Courtney et al., , 1998 Postle and D'Esposito, 1999a,b) to assess delay period activity in data generated from subjects performing a delayed matching task while in the fMRI scanner. With multiple regression, hemodynamic changes to different trial components that are segregated in time, but that follow in a specific order (e.g., sample, followed by a delay, followed by a test), can be analyzed simultaneously and independently (Courtney et al., 1998) . This is important for the analysis of DMS tasks, because it is impossible to randomize and counterbalance the placement of the individual events because of their time-locked nature, which is an important necessity for conventional rapid "event-related" (i.e., trial-based) fMRI analysis (Dale and Buckner, 1997; Buckner, 1998) . Similar to Courtney et al. (1998) , we created six orthogonal contrasts that reflected comparisons of interest and convolved them with a gamma variate function [hemodynamic response function (HRF)] (Boynton et al., 1996) . We created the following six regressors (Fig. 1 B) : regressor 1 assessed activation resulting from visual stimulation versus no visual stimulation; regressor 2 assessed the difference in activation resulting from the type of stimuli (DMS stimuli vs CON stimuli); regressor 3 assessed the difference between sample stimulus presentation versus test stimulus presentation and motor response for CON stimuli; regressor 4 assessed the difference between sample stimulus presentation versus test stimulus presentation and motor response for DMS stimuli; regressor 5 assessed differences in activity during task delays (across task) versus during the ITI; and regressor 6 assessed the difference in activity during the DMS task delay and the CON task delay. Following the methods of Postle et al. (2000) , we used "stick" contrasts to position the HRF to mitigate collinearity not only among the unconvolved contrasts but also among the convolved regressors. This method has been used previously for fMRI data analysis for the assessment of delay period activity (Postle and D'Esposito, 1999a,b; Postle et al., 2000) and is important because, if two regressors (contrasts that have been convolved with the HRF) or contrasts (unconvolved) share a significant amount of variance, then the results for one regressor cannot be interpreted independently of the other (Cohen and Cohen, 1983; Bortz, 1993) . Each pair of regressors or contrasts is orthogonal if the sum of the products of their weight coefficients is zero (Cohen and Cohen, 1983; Bortz, 1993) . Vertical bars in Figure 1 B represent the positioning of the HRFs before convolution, and all six (convolved) regressors in this study were orthogonal or nearly orthogonal. This approach allowed us to isolate activity that was solely attributable to the delay component of the task (regressor 6) (Postle et al., 2000) . All six regressors were entered simultaneously into SPM2 as covariates. Statistical analysis in SPM2 included overall grand mean scaling to 100, proportional threshold masking, and global calculation of mean voxel value within per image full mean/eight mask. One SPM{T} map was generated for each regressor for each subject.
Subsequent memory analysis. Long-term encoding was assessed by selectively averaging sample presentation periods and test presentation periods according to whether or not a subject remembered a given sample or test, respectively, with high confidence during the post-scan subsequent memory test (SMT5 vs SMT1-4). Delay period activity was assessed by selectively averaging delay periods according to whether or not the preceding sample was remembered with high confidence (SMT5 vs SMT1-4). To adapt selective averaging for multiple regression analysis, six orthogonal contrasts were created ( Fig. 1C) and convolved with the HRF (Boynton et al., 1996) . As for the active maintenance analysis, the six convolved contrasts constituted the six regressors for this analysis. Three regressors were created for each of the two tasks. Regressors corresponded to the three components of each trial: the stimulus sample period (SAMPLE), the delay period (DELAY), and the match versus non-match test period (TEST). The first regressor contrasted sample presentation periods for items that were subsequently remembered with high confidence (SMT5) versus all other ratings (SMT1-4). The second regressor contrasted delay periods after pictures that were remembered with high confidence (SMT5) versus all other responses (SMT1-4). The third regressor contrasted test presentation periods of test pictures that were subsequently remembered with high confidence (SMT5) versus all others (SMT1-4). We contrasted SMT5-related activity with SMT1-4-related activity, because we were interested in recollection-based, not in familiarity-based, behavioral responses on the SMT to study long-term episodic encoding. A response of 5 on the SMT is more likely to be recollection based than a response of 4 (Yonelinas, 1994; Sherman et al., 2003) . We chose the contrasts such that encoding-related activity attributable to sample presentation could be assessed separately during sample and delay periods and independently from other trial components. The convolved regressors were orthogonal or nearly orthogonal to ensure interpretability of results.
An additional subsequent memory multiple regression analysis was performed to exclude "match" trials and only assess subsequent memory effects separately for DMS "nonmatch" trials. This analysis was done because match trials involve two presentations of the same sample stimulus, whereas nonmatch trials involve just one single presentation. In our study, although delay activity during match and nonmatch trials should not differ if the subject has no information on the outcome of the trial during the delay while performing the task, this activity can differ if the delays are sorted later according to responses on the SMT, because activity during the delay can influence subsequent memory. Behavioral performance on the SMT further indicated a quantitative difference between the proportion of "5" responses to DMS sample stimuli that were matches (presented twice) and the proportion of "5" responses to DMS sample stimuli that were nonmatches (presented once; Fig. 2 , compare E, F ). Subsequent memory analysis with nonmatch trials was performed to avoid this confound of number of stimulus presentations. This is the most crucial analysis of our study for examining delay related activity associated with subsequent memory after the 20 min delay in the SMT task. Regressors were again created to examine sample, delay, and test periods, but, in this case, stimuli were divided into match (two presentations) and nonmatch (single presentation) trials. The first regressor contrasted sample presentation periods of sample pictures for DMS match trials that were subsequently remembered with high confidence (SMT5) with those that were not (SMT1-4). The second regressor examined the same sample periods for nonmatch trials, the third contrasted delay periods that immediately followed sample pictures for match trials that were subsequently remembered with high confidence (SMT5) versus delay periods after all other sample pictures (SMT1-4), and the fourth examined the same for nonmatch trials. All other regressors did not change (Fig. 1C, regressors 3-6 ). This subsequent memory analysis limited to nonmatch trials, which only included stimuli that were presented once, allowed us to compare our data with those from previous long-term encoding studies in which stimuli were presented only once (Stern et al., 1996; Brewer et al., 1998; Kirchhoff et al., 2000) .
Random-effects group analyses with group as the random factor were performed with SPM2 on each regressor by entering the t-contrast images of each subject corresponding to a particular regressor into a second-level one-sample t test.
Region-of-interest analyses. We defined our temporal lobe region of interest (ROI) structurally as composed of the parahippocampal gyri [including parahippocampal, perirhinal (PRC), and entorhinal cortices], the hippocampi, and the fusiform gyri (FG), bilaterally, because these regions have been reported to show subsequent memory effects in studies of long-term encoding. An ROI mask was created using an atlas-based tool, WFU_PickAtlas (Maldjian et al., 2003) , in conjunction with SPM2 to perform small-volume corrections using a corrected statistical threshold of p Ͻ 0.05 COR , with a threshold extent of five voxels. The WFU_PickAtlas tool allows the generation of atlas-based ROI masks using multiple different atlases, including the ICBM (International Consortium for Brain Mapping) atlas (Mazziotta et al., 2001 ) that was used to define the subregions of the medial temporal lobes and create the ROI mask used here.
Time-series analyses. Signal intensity time series were extracted from activation peaks of both active maintenance and subsequent memory analyses from each subject. We used the volume of interest (VOI) tool in SPM2 to extract the signal intensity data from voxels that fell within a 5 mm sphere with the ROIs peak activation at its center. Signal intensities (Y) were adjusted for effects of interest and were extracted for each time point (149 time points per BOLD scan) and selectively averaged by task (DMS vs CON), by post-scan subsequent memory (SMT5 vs SMT1-4), and by event (sample vs delay vs test). Time series were statistically analyzed using repeated-measures ANOVAs with the within-subject factors task (DMS vs CON), subsequent memory (SMT5 vs SMT1-4), and event (sample vs delay vs test periods). For the subsequent memory analysis of nonmatch trials, time series of DMS trials were statistically analyzed using repeated-measures ANOVAs with the within-subject factors DMS trial (match vs nonmatch), subsequent memory (SMT5 vs SMT1-4), and event (sample vs delay vs test periods). The event factor included three time points: one time point corresponding to the TR of the sample period, one time point corresponding to the mean of the five TRs of the delay period, and one time point corresponding to the TR of the test period. Geisser-Greenhouse (Geisser and Greenhouse, 1958) degrees-offreedom corrections that correct for nonhomogenous correlations and variances among factor levels were performed, and corresponding p values were reported, if applicable.
Behavioral data analysis. t tests compared DMS and CON tasks on two dependent variables: average median RTs and average accuracy.
A repeated-measures ANOVA and two-tailed t tests (Bonferroni corrected) with the within-subject factors event (DMS sample matches, DMS sample nonmatches, DMS test nonmatches, CON samples, CON tests, and new stimuli) and confidence rating (1, high-confidence new; 2, low confidence new; 3, unsure; 4, low confidence old; and 5, high confidence old) assessed task performance on the SMT. Geisser-Greenhouse (Geisser and Greenhouse, 1958) degrees-of-freedom corrections were performed, and corresponding p values were reported, if applicable.
All behavioral analyses used a statistical threshold of p Ͻ 0.05 (Bonferroni corrected).
Results
Behavioral performance DMS and CON performance
The average Ϯ SD accuracy on DMS trials was 0.996 Ϯ 0.009 and on CON trials was 0.969 Ϯ 0.035. RT and accuracy data were not included for one subject because of technical problems. On average, subjects made less than one error per run in both DMS and CON trials; however, a one-sample t test revealed a statistically significant effect of task (t (14) ϭ 2.966; p ϭ 0.010), showing that, on average, more errors were made during CON trials than during DMS trials, but the effect was small (Cohen's d ϭ 1.033), indicating a difference of one pooled SD. Similarly, subjects performed slightly, but significantly, faster in DMS trials (M WM ϭ 908.414 Ϯ 263.015) than in CON trials (M CON ϭ 1121.952 Ϯ 272.680; t (14) ϭ Ϫ9.814; p Ͻ 0.001). Again, this effect was small (Cohen's d ϭ 0.798), indicating a difference of less than one pooled SD. Overall, CON trials were slightly more difficult than DMS trials. This significant difference between the two tasks was likely attributable to the ceiling performance on the DMS task that resulted in reduced variance.
Post-scan subsequent memory rating
Distributions of average response proportions (mean Ϯ SE) are depicted in Figure 2 . A repeated-measures ANOVA revealed a significant main effect of confidence rating (F (4,60) ϭ 4.83; p Ͻ 0.01) and a significant event by confidence rating interaction (F (20,300) ϭ 20.01; p Ͻ 0.001). Tests of within-subject simple contrasts revealed significant 2 by 2 interactions between all but one event and memory combinations. Statistical significance levels obtained from the ANOVA did not change when nonsphericity was corrected using the Geisser-Greenhouse procedure. Paired-sample t tests comparing confidence ratings of five responses (high confidence old) for pairs of events revealed that the response proportions for DMS sample nonmatches, DMS sample matches, DMS test nonmatches, CON samples, and CON tests were significantly higher than that for new stimuli (t (15) ϭ 7.72; t (15) ϭ 6.62; t (15) ϭ 3.67; t (15) ϭ 4.49; and t (15) ϭ 5.11, respec- tively; p Ͻ 0.003), indicating successful memory encoding during both DMS and CON trials.
As expected, mean response proportions for SMT5 (high confidence old) ratings were highest for DMS sample matches (0.59 Ϯ 0.04) and DMS sample nonmatches (0.46 Ϯ 0.04), followed by CON samples (0.25 Ϯ 0.04), CON tests (0.25 Ϯ 0.04), and DMS test nonmatches (0.21 Ϯ 0.04), and were lowest for new stimuli (0.06 Ϯ 0.03). The response proportions (Fig. 2 A, E,F ) for DMS samples are comparable with recently reported results from a behavioral long-term encoding study that used the same SMT paradigm with complex visual scenes (Sherman et al., 2003) .
fMRI results
Active maintenance and subsequent memory are closely related
We investigated active maintenance by contrasting DMS and CON delays regardless of whether subjects subsequently remembered the pictures (Fig. 1 B, regressor  6 ). This analysis revealed that, when DMS delays were contrasted with CON delays (Fig. 1 B, regressor 6 ), the mid-FG/PHG was activated on the right (peak at x ϭ 34, y ϭ Ϫ34, z ϭ Ϫ20; Z ϭ 4.18; p Ͻ 0.05 COR ) (Fig. 3A) and on the left (peak at x ϭ Ϫ32, y ϭ Ϫ48, z ϭ Ϫ12; Z ϭ 3.60; p Ͻ 0.05 COR ) (Fig. 3D) . The activation peaks are within the mid-FG on both sides and extend medially into the banks of the collateral sulcus, which is part of the posterior PHG (Pruessner et al., 2002) . Because of variability of the collateral sulcus in individual subjects, additional analyses at the singlesubject level were performed and demonstrated that both the fusiform and parahippocampal gyri were active in most subjects. Supplemental data providing information about parahippocampal activation in individual subjects for this comparison is available at www.jneurosci.org as supplemental material.
Repeated-measures ANOVAs on the VOI time series in these ROIs in right and left mid-FG/PHG revealed a significant main effect of event (sample vs delay vs test periods) [F (2,165) ϭ 6.28, p ϭ 0.013 (Fig.  3B) ; and F (2,165) ϭ 41.6, p Ͻ 0.0001 (Fig. 3E) , respectively] and a subsequent memory effect in the right mid-FG/PHG ROI for DMS trials, as indicated by a trend for a task (DMS Ն CON) by memory (SMT5 Ͼ SMT1-4) interaction [F (1,165) ϭ 2.91; p ϭ 0.090 (Fig. 3C)] . A repeated-measures ANOVA on the VOI time series in the left mid-FG/PHG revealed a significant main effect of task [DMS Ͼ CON; F (1,165) ϭ 7.97; p ϭ 0.005 (Fig. 3E) ], a significant main effect of memory [SMT5 Ͻ SMT1-4 for CON tests; F (1,165) ϭ 4.47; p ϭ 0.036 (data not depicted)], and a trend toward a task (DMS vs CON) by event (sample vs delay vs test periods) interaction [F (2,165) ϭ 2.97; p ϭ 0.080 (Fig. 3E) ]. To summarize, activity during the memory delay in the right mid-FG/PHG was greater for samples that were subsequently remembered with high confidence than for samples that were not (Fig. 3C) . Activity was greater during DMS task delays than during CON task delays in the left mid-FG regions regardless of post-scan subsequent memory (Fig. 3 E, F ) .
Additional foci of activation in the comparison of DMS delays versus CON delays included the right inferior frontal gyrus (BA45/46), the right and left precentral gyri (BA4/6), the right and left uncal apex (BA28) medial to hippocampal head and amygdala, the right posterior inferior temporal gyrus (BA37), the right and left superior parietal gyri (BA7), the right intraparietal sulcus, and the left inferior occipital gyrus (BA37) ( p Ͻ 0.01, uncorrected; threshold extent, 5 voxels). 
Delay activity predicts long-term subsequent memory
The subsequent memory multiple regression analysis contrasted selectively averaged DMS delays with preceding samples that were subsequently remembered with high confidence (SMT5) versus selectively averaged DMS delays with preceding samples that were not (SMT1-4) (Fig. 1C, regressor 2) to further explore the subsequent memory effect in the right mid-FG/PHG. Figure  4 A shows that an area within the right posterior PHG that extended into the mid-FG (PHG/mid-FG) predicted subsequent memory (peak at x ϭ 26, y ϭ Ϫ32, z ϭ Ϫ14; Z ϭ 3.47; p Ͻ 0.05 COR. ). This area is similar in location to the one from the active maintenance analysis, but the peak is more medial and lies within the posterior PHG (Pruessner et al., 2002) . Additional analyses at the single-subject level revealed parahippocampal activity in the majority of subjects. Information about parahippocampal activation in individual subjects for this comparison is provided in a supplemental data section available at www. jneurosci.org as supplemental material. A VOI time-series repeated-measures ANOVA in the right PHG/mid-FG ROI revealed a subsequent memory effect in the DMS delay as indicated by a significant main effect of memory [F (1,165) ϭ 9.95; p ϭ 0.002 (Fig. 4 B) ] and by a significant main effect of event [sample vs delay vs test; F (2,165) ϭ 7.60; p ϭ 0.001 (Fig. 4 B) ]. Figure 4 D shows additional activation peaks within the banks of the anterior collateral sulcus, in the perirhinal cortex, and in the lateral aspect of the entorhinal cortex (right peak at x ϭ Ϫ38, y ϭ Ϫ12, z ϭ Ϫ26, Z ϭ 3.20, p Ͻ 0.05 COR (Fig. 4 D,  white arrows) ; left peak at x ϭ Ϫ28, y ϭ Ϫ8, z ϭ Ϫ34, Z ϭ 2.91, p Ͻ 0.05 COR (Fig.  4 D , PRC/ERC, black arrow) (Insausti et al., 1998; Pruessner et al., 2002) . A VOI time-series repeated-measures ANOVA in these regions showed a long-term subsequent memory effect as indicated by a significant main effect of memory [SMT5 Ͼ SMT1-4; F (1,165) ϭ 31.52, p Ͻ 0.001; and F (1,165) ϭ 9.79, p Ͻ 0.002; right and left PRC/ERC (Fig. 4 E, F, respectively) ] and by a significant task by memory interaction [SMT5 Ͼ SMT1-4 for DMS trials; F (1,165) ϭ 7.46; p ϭ 0.007; right PRC/ERC (Fig. 4 E) ]. Furthermore, there is a trend toward a main effect of task (F (1,165) ϭ 3.81, p ϭ 0.053) in the right PRC/ERC peak, indicating that the subsequent memory effect was greater for DMS trials than for CON trials (data not shown). As demonstrated in Figure 4 , E and F, encoding-related activity in the PRC/ERC is sustained from the sample presentation period over the memory delay period and into the test presentation period. Activity in the right PHG/ mid-FG is also sustained if only nonmatch trials (single stimulus exposures) are considered for analysis (Fig. 4C) . Overall, in DMS trials, the right PHG/mid-FG and the right and left PRC/ERC showed greater activation during the delay for samples that were subsequently remembered with high confidence than for those that were not.
An additional subsequent memory analysis allowed the same assessment separately for match and nonmatch trials, to control for the number of stimulus exposures. In nonmatch trials, sample stimuli were presented only once, but, in match trials, sample . fMRI results from subsequent memory analysis across match and nonmatch trials (double or single stimulus presentations). Please note that only activation within ROIs is superimposed on canonical average T1-weighted ICBM/MNI brain. A, Right PHG/mid-FG, x ϭ 26, y ϭ Ϫ32, z ϭ Ϫ14 (arrows). B, Corrected signal intensities during sample presentation (S), delay period (DELAY), and test presentation (T) from right PHG/mid-FG for DMS trials (across match and nonmatch trials, double or single stimulus presentations); SMT5 Ͼ SMT1-4. C, Corrected signal intensities from right PHG/mid-FG for DMS trials that were nonmatches (single stimulus presentations); SMT5 Ͼ SMT1-4. D, Right PRC/ERC, x ϭ 38, y ϭ Ϫ12, z ϭ Ϫ26 (white arrows); and left PRC/ERC, x ϭ Ϫ28, y ϭ Ϫ8, z ϭ Ϫ34 (black arrow). E, Corrected signal intensities from right PRC/ERC for DMS trials (across match and nonmatch trials, double or single stimulus presentations). F, Corrected signal intensities from left PRC/ERC for DMS trials (across match and nonmatch trials). y-Axes, Signal intensity grand mean scaled to 100 and global calculation using mean voxel value (within per image full mean/eight mask). R, Right; L, left.
stimuli were presented twice. Because we were interested in long-term encodingrelated activation during the DMS delays that with high probability resulted in subsequent recollection, this is the most crucial analysis of our study.
This additional subsequent memory analysis on nonmatch trials confirmed that encoding-related activity in the right and left PRC/ERC [right peak at x ϭ 34, y ϭ Ϫ10, z ϭ Ϫ28, Z ϭ 3.45, p Ͻ 0.05 COR (Fig. 5A, white arrows, B) ; left peak at x ϭ Ϫ34, y ϭ Ϫ12, z ϭ Ϫ26, Z ϭ 2.05, p Ͻ 0.05 COR (Fig. 5A, black arrow, C) ] and in the right PHG/mid-FG (Fig. 4C) is persistent across sample, memory delay, and test periods. Repeated-measures ANOVAs on DMS trials of VOI time series extracted from the right and left PRC/ERC were performed with the within-subject factors DMS trial (match vs nonmatch), memory (SMT5 vs SMT1-4), and event (sample vs delay vs test periods). This analysis revealed a significant main effect of memory [SMT5 Ͼ SMT1-4; F (1,165) ϭ 5.35, p ϭ 0.022 (Fig. 5B); and F (1,165) ϭ 10.25, p ϭ 0.002 (Fig. 5C) ; right and left PRC/ERC, respectively], a significant DMS trial by memory interaction [SMT5 Ͼ SMT1-4 for nonmatch trials; F (1,165) ϭ 11.58, p ϭ 0.001 (Fig. 5B) ; and F (1,165) ϭ 14.79, p Ͻ 0.001 (Fig. 5C) ; right and left PRC/ERC, respectively], and a trend toward a main effect of DMS trial [nonmatch Ͼ match trials; F (1,165) ϭ 3.36; p ϭ 0.068; right PRC/ERC (data not shown)]. The same analysis on the right PHG/mid-FG ROI also resulted in a significant trial by memory interaction [SMT5 Ͼ SMT1-4 for nonmatch trials; F (1,165) ϭ 20.33; p Ͻ 0.001 (Fig. 4C)] .
The separate subsequent memory analysis on nonmatch trials revealed an additional subsequent memory effect in the right hippocampal body [peak at x ϭ 34, y ϭ Ϫ26, z ϭ Ϫ14, Z ϭ 2.82, p Ͻ 0.05 COR (Fig. 5D, white arrows) ] and the left hippocampal body [peak at x ϭ Ϫ30, y ϭ Ϫ30, z ϭ Ϫ12, Z ϭ 2.45, p Ͻ 0.05 COR (Fig. 5D, black arrow) ]. VOI time-series repeated-measures ANOVAs in these two regions revealed a significant DMS trial by memory interaction in both foci [SMT5 Ͼ SMT1-4 for nonmatch trials; right, F (1,165) ϭ 6.16, p ϭ 0.014 (Fig. 5E) ; left, F (1,165) ϭ 7.64, p ϭ 0.006 (Fig. 5F ) ]. There was also a main effect of memory (SMT5 Ͼ SMT1-4; F (1,165) ϭ 13.97; p Ͻ 0.001) in the left hippocampal body, indicating that activity is sustained throughout the DMS trial.
In summary, for nonmatch trials, in which a stimulus appears only once, a persistent subsequent memory effect as measured by DMS delay activity that is associated with subsequent recognition on the post-scan SMT was observed in the anterior (PRC/ERC) and posterior (PHG/mid-FG) parahippocampal gyrus, as well as in the hippocampus, indicating that these regions play a role in successful encoding during the delay period of the DMS task. This persistent subsequent memory effect appears for nonmatch trials, in which sample stimuli were presented once before SMT performance, but not for match trials, when sample stimuli were presented twice before SMT performance.
Additional foci of activation, which showed activity during the delay periods of the DMS task that were associated with subsequent memory on the post-scan SMT task collapsed across all DMS trials, included the right inferior frontal gyrus (BA47), the left inferior frontal sulcus (BA45), the left posterior orbital gyrus (BA47), the left rolandic operculum (BA44), the gyrus rectus, the left and right insulae (BA13), the right and left superior parietal gyri (BA7), the right inferior occipital gyrus (BA19), the cuneus (BA18), and the caudate nucleus ( p Ͻ 0.01, uncorrected; threshold extent, 5 voxels).
Discussion
This study found that parahippocampal and mid-FG regions were active during maintenance of trial-unique visual information during the delay component of a DMS task and, most importantly, that this delay period activity was correlated with postscan subsequent memory.
A bilateral region within the mid-FG/PHG was recruited for active maintenance of trial-unique visual information regardless of subsequent memory for sample stimuli. An analysis of signal intensities extracted from these regions and a subsequent memory multiple-regression analysis additionally revealed a subsequent memory effect in the right PHG/mid-FG. Our data provide a direct link between encoding and memory delay activity during delayed matching. Activity in the right PHG/mid-FG during the memory delay was greater for sample pictures that were subsequently remembered with high confidence than for those that were not. Furthermore, right anterior parahippocampal (perirhinal and possibly entorhinal cortex) and hippocampal regions showed a persistent subsequent memory effect across sample, memory delay, and test presentations periods of nonmatch trials (single stimulus presentations before subsequent memory task performance). The current fMRI findings in humans support the hypothesis that persistent activity within parahippocampal areas in the absence of stimulus input may enhance encoding. We derived this hypothesis from computational models of medial temporal long-term memory encoding (Jensen and Lisman, 1996; Hasselmo et al., 2002a,b; Koene et al., 2003) .
In addition, these results extend previous neuroimaging studies of long-term encoding and subsequent memory (Brewer et al., 1998; Fernàndez et al., 1998 Fernàndez et al., , 1999 Wagner et al., 1998; Kirchhoff et al., 2000; Otten et al., 2001; Reber et al., 2002; Fletcher et al., 2003) by demonstrating that the activity associated with longterm subsequent memory persists in the absence of stimulus presentation. These results also extend previous neuroimaging studies of delayed matching (Ranganath et al., 2001; Stern et al., 2001) by demonstrating that delay-related activation observed during the DMS task in the MTL is directly linked to long-term encoding of stimuli that have no previous representation.
Relationship to single-unit and intracellular recording studies and modeling of sustained activity
The finding of sustained activity during delays in parahippocampal areas in humans is consistent with evidence for sustained unit activity in parahippocampal and entorhinal cortex during delayed matching tasks in nonhuman primates and in rats (Suzuki et al., 1997; Young et al., 1997) . Recent intracellular recording data suggests a potential mechanism for mediating this sustained unit activity for novel stimuli in parahippocampal structures. Recordings in brain slice preparations of the entorhinal cortex demonstrate intrinsic cellular mechanisms activated by muscarinic cholinergic receptors that allow single neurons to maintain sustained spiking activity without synaptic transmission (Klink and Alsonso, 1997; Egorov et al., 2002) . Detailed biophysical modeling of entorhinal neurons demonstrates that these mechanisms could underlie the delay period activity of single units recorded during performance of DMS and DNMS tasks (Suzuki et al., 1997; Young et al., 1997) . These intrinsic mechanisms could provide sustained activity to actively maintain representations of novel images for which no previous structured excitatory connectivity has been created, consistent with evidence for selective activation of medial temporal regions during delayed matching for novel stimuli (Ranganath et al., 2001; Stern et al., 2001) .
As shown here, the activity during the delay period correlates with the subsequent memory for the stimuli. This is consistent with human memory studies suggesting the necessity of a buffer for holding information during encoding (Atkinson and Shiffrin, 1968; O'Reilly et al., 1999; Baddeley, 2000; Baddeley and Wilson, 2002) . The active maintenance of novel stimuli in parahippocampal structures is essential in models of medial temporal circuits (Jensen and Lisman, 1996; Hasselmo et al., 2002a,b; Koene et al., 2003) , to allow the encoding of slow behavioral events in the hippocampus using the fast time course of spike timingdependent synaptic plasticity (Levy and Steward, 1983; Markram et al., 1997; Bi and Poo, 2001 ). Computational models have used the mechanisms described in slice preparations of the entorhinal cortex (Klink and Alonso, 1997; Fransén et al., 2002) to allow a behavioral stimulus to cause repeated spiking over an extended period, even after the stimulus is no longer present (Jensen and Lisman, 1996; Fransen et al., 2002; Hasselmo et al., 2002a,b; Koene et al., 2003) . In the models, this persistent spiking allows repeated modification of synapses between neurons that responded to behavioral input, thereby enhancing encoding. This is consistent with our fMRI data showing enhanced encoding associated with persistent activity in the perirhinal/entorhinal cortex during the delay period (Fig. 5 A, B) . This mechanism may constitute the cellular basis of an "episodic buffer" for holding information during encoding. Thus, the relationship between active maintenance during the delay and subsequent memory demonstrated in this study supports previous models of the processes necessary for encoding of long term memories.
Relationship to previous neuroimaging studies of long-term encoding
The foci of activation from our findings overlap with those reported in previous long-term encoding studies that demonstrated a subsequent memory effect in the PHG and FG for trialunique complex visual scenes (Brewer et al., 1998; Kirchhoff et al., 2000) . Additional studies also observed a subsequent memory effect in the FG using words (Wagner et al., 1998) . Consistent with our data, recent long-term encoding studies have shown a subsequent memory effect for word encoding in anterior parahippocampal areas, including the entorhinal (Fernàndez et al., 1999; Davachi et al., 2003) and the perirhinal cortex (Davachi and Wagner, 2002) . Many previous neuroimaging studies of longterm encoding and subsequent memory also found MTL activations within the posterior PHG and the hippocampus for novel complex scenes and other visual information (Stern et al., 1996; Gabrieli et al., 1997; Kelley et al., 1998; Kirchhoff et al., 2000) and for word encoding (Fernàndez et al., 1998; Wagner et al., 1998; Otten et al., 2001; Reber et al., 2002) .
We also observed long-term subsequent memory effects in the posterior PHG and in the hippocampus in this study, in particular during DMS delays of nonmatch trials, during which stimuli were presented only once before SMT performance. Together, these results suggest that regions active during encoding of sample stimuli during the DMS task delay overlap closely with those active during long-term encoding.
Relationship to previous neuroimaging studies of MTL involvement in delayed matching and working memory A previous study from our laboratory established that the hippocampus is active in subjects performing a "2-back" delayed matching task when trial-unique complex visual scenes were used as stimuli but not when stimuli were highly familiar (Stern et al., 2001) . Behavioral data from a subsequent memory task used in that study provided evidence that subjects incidentally encoded the novel stimuli into LTM while performing the task at a similar rate as in our study. Together, these findings suggest that novel stimuli encountered during delayed matching are encoded into LTM. Ranganath and D'Esposito (2001) also examined MTL activation during components of a DMS task. They assessed which MTL structures were active during a brief memory delay and compared this pattern with that observed during a separate longterm encoding control task with novel faces as stimuli. They reported a functional dissociation within the medial temporal lobes for delayed matching and long-term encoding tasks and suggested that the hippocampal activation observed during the delay period of their DMS task was attributable to active maintenance, not incidental encoding, and that the posterior PHG/mid-FG activation observed during the long-term encoding task was attributable to incidental encoding and not to active maintenance. The results of our study support the idea that the parahippocampal gyrus and the hippocampus are important for actively maintaining information across a delay (Ranganath and D'Esposito, 2001; Stern et al., 2001 ). However, rather than supporting a functional dissociation, our data provide evidence that parahippocampal structures and the hippocampus interact to enhance long-term encoding during delayed matching as shown by our subsequent memory data. Our data suggest a role of the hippocampus in active maintenance that also supports long-term encoding.
Our main finding that parahippocampal, hippocampal, and mid-fusiform regions can support successful encoding during delayed matching and during long-term encoding is perhaps similar to the idea that prefrontal regions can support working memory, long-term encoding Davachi et al., 2001; Ranganath et al., 2003; Rypma and D'Esposito, 2003) , and episodic retrieval (Cabeza et al., 2002) . Data from our laboratory have shown the involvement of both prefrontal and medial temporal areas in long-term encoding (Kirchhoff et al., 2000) and in short-term stimulus matching (Stern et al., 2001 ). However, data from our laboratory suggest that medial temporal areas may be more important for maintaining trial-unique stimuli during delayed matching, in contrast to working memory for familiar stimuli, which may primarily involve prefrontal cortex (Stern et al., 2001) .
Conclusions
Our data demonstrate that the parahippocampal and midfusiform regions are important for actively maintaining novel information during brief memory delays and that this activation is directly linked to long-term encoding, as demonstrated by the subsequent memory effect observed during delayed matching. This indicates that delay activity in these regions can predict subsequent long-term memory on the SMT. These finding support the hypothesis derived from computational models of parahippocampal structures that active maintenance of novel stimuli enhances both delayed matching function and encoding of stimuli into long-term memory.
